ABSTRACT -Although thousands of scientific articles have been published on the subject of marker-assisted selection (MAS) and
INTRODUCTION
Plant breeding in its conventional form is based on the phenotypic selection of superior plants within segregating populations derived from crosses. In this practice, there are numerous difficulties, especially in relation to genotype x environment (GE) interactions. In addition, phenotypic selection procedures are often costly, time-consuming and in some cases impossible, as is the case of selection for tolerance to some abiotic stresses.
Marker-assisted selection (MAS) is a procedure that has been developed to avoid these problems associated with phenotypic selection, replacing the selection of the phenotype by selection of genes, both directly and indirectly (Francia et al. 2005) . Molecular markers are not influenced by the environment and are detected at any stage of plant development (Table 1) . With the development of molecular markers and genetic maps, MAS can be used for simple-inherited as well as for quantitative traits.
In the last decade, a number of papers have been published describing the use of MAS in the introgression of quantitative traits through backcrossing programs and strategies to stack favorable alleles by recurrent crossing schemes. For a review of these studies, see Xu and Crouch (2008) . This set of theoretical studies has greatly contributed to the understanding of many fundamental genetic parameters related to MAS, such as population type, sample size, genome size and number of markers to be used.
Molecular Marker-Assisted Selection and QTL
MAS is useful in crop breeding programs in four situations that apply to almost all crops: a) when phenotypic selection is unsuitable in view of the cost or time required or due to low penetrance or complex inheritance of the trait; b) when selection depends on specific environmental conditions or developmental stages that influence the expression of the target trait; c) to accelerate the recurrent genome recovering or for the maintenance of recessive alleles in backcrossing programs, d) when pyramiding multiple monogenic traits (resistance to various diseases, quality traits) or several QTL for a trait with complex inheritance (such as drought tolerance or other adaptive traits).
The number of scientific papers published with the term Marker-Assisted Selection currently breaks the barrier of two thousands per year (Figure 1) . Similarly, the number of articles published with the term quantitative trait loci is around five thousands per year. However, almost all of these articles demonstrate potential applications of MAS in breeding programs rather than the practical use. Therefore, the effective utility of MAS to develop varieties in breeding programs has been restricted, mostly, to large companies that have developed genomic tools for the species of greatest commercial interest, e.g., maize, soybean, canola, cotton, and sunflower. Breeding programs that use these tools has been developed strategies to generate an ideal genotype, based on the selection of a mosaic of favorable chromosome segments (Xu and Crouch 2008) . In breeding programs using these tools the rates of genetic gain have been two times high as the genetic gain by phenotypic selection (Ragot and Lee 2007, Xu and Crouch 2008) . It is estimated that in the United States, from 2010 onwards, 12 % of the commercial varieties will be developed through molecular breeding (Fraley 2006, www.monsanto. com/investors/presentations.asp) . However, the paper does not mention whether molecular selection was used for characteristics of qualitative or quantitative traits. Most commonly, molecular selection is used for disease resistance genes and for the selection of transgenic traits in breeding programs, both qualitative traits.
MAS for QTL: Theory
The way of applying MAS for QTL depends on the breeding method. Two main breeding methods can be cited: a) recurrent selection to increase the population mean; applied mainly in allogamous populations intolerant to inbreeding. In this method, selection is applied to individual plants that are continually recombined; b) breeding methods that use continuous self-pollination, and sporadic recombination, e.g., the pedigree method and SSD (single-seed descent).
MAS for QTL using recurrent selection
In a recurrent selection program, the breeding value of each plant based on its molecular score can be determined by genotyping plants (or lines) of a breeding population with QTL-associated markers for a quantitative trait of interest, for example yield. Lande and Thompson (1990) called this breeding value "net molecular score". For example, assuming that three QTL have been identified in a mapping population, their effects was estimated and that the additive effect (a) for each locus, defined as half the difference between the two classes of homozygotes (AA and aa), are +10, +5 and -10, respectively. The breeding value of a plant based on the marker locus would be +a for AA plants, zero for Aa plants (since these plants pass favorable and unfavorable alleles to progenies at the same frequency) and -a for aa plants. The net molecular score is the sum of the scores at each locus. 
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Another way to use a combination of molecular and phenotypic data for multiple traits is to calculate the index separately for each trait, and sum the indexes, weighted by the economic value of the trait, to obtain a single selection index.
As heritability increase, the efficiency of MAS decreases (Table 3) , and may not be justified for traits with heritability higher than 50 %. Still, MAS for these traits may be adequate when more than one generation of recombination per year is used, i.e., one or more generations of recombination are grown in off season nurseries. In this case, phenotypic selection is not possible, and only molecular selection is used. In one of the generations of recombination, grown in the main growing season of the species, the combined index of phenotypic and molecular data is used. Thus, one generation of phenotypic selection can be alternated with up to three generations of only molecular selection, resulting in four generations of recombination per year (Eathington et al. 2007) . By this way, one can obtain a higher rate of gain per unit time, as more cycles of recombination are performed per unit time.
This model of recurrent selection which uses molecular and phenotypic data in one generation and only molecular data in generations where phenotypic selection cannot be used is suitable for the use of Genomewide selection (Meuwissen et al. 2001, Bernardo and Yu 2007) . In this case, knowledge on the marker-QTL associations is not required. The plants of a population are genotyped for a large number of markers, e.g., thousands of single nucleotide polymorphism (SNP) markers. In the generation in which phenotypic data are obtained, the breeding value of each marker is estimated. Based on these estimates, the markers are used for selection in generations with molecular selection only.
MAS for QTL in self-pollination breeding programs
In commercial breeding programs of autogamous species, the objective is not to increase the population mean, but to develop the best possible endogamous scores of five plants from a breeding population. Based only on the genotype of the markers plant 2 would be chosen as the best.
The highest efficiency of MAS for QTL is achieved with a combination of molecular and phenotypic data. Lande and Thompson (1990) proposed a selection index (I) using molecular and phenotypic marker-based information:
where z is the column vector of phenotypic data, which can be expressed as deviations from the mean; m is the column vector of the net molecular scores; b z and b m are the weights assigned to phenotypic and molecular data, respectively.
If one assume b z = 1, the optimal weight for the genotypic data will be:
where h 2 is the narrow-sense heritability of the trait (proportion of the additive genetic variance of all QTL in relation to the phenotypic variance), and p is the proportion of genetic variance associated with the marker locus.
The relative efficiency (RE) of index I can be estimated by:
As heritability decreases and the proportion of genetic variance explained by the QTL increases, the weight of molecular data regarding phenotypic data increases (Table 3) . Likewise, the RE of index I increases in the same direction.
When QTL for multiple traits will be selected, a multivariate index can be used. Table 2 . Breeding value of each locus containing QTL, and net molecular score of plants of a breeding population, based on the genotypes of marker loci. Additive effects are +10, +5 and -10 for the loci 1, 2 and 3, respectively genotype from self-pollinating plants in a population. Likewise, for the development of commercial hybrids, the objective is to get the best possible hybrid by crossing two inbred genotypes, which in turn were also obtained by selfing. In breeding programs where self-pollinated plants are selected, selection should target plants capable of producing the highest possible number of progenies of the superior genotype for the next generation, by selfpollination.
A simple way to use MAS for QTL in segregating populations is to identify plants that carry favorable alleles for the QTL under selection, and produce as many progenies of these plants as possible. If we consider the MAS for 10 non-related QTL in an F 2 generation, the probability of obtaining a plant with all homozygous QTL is 0.25 10 , or one plant in a million. It is more reasonable to select homozygous as well as heterozygous QTL. In this case, the proportion of plants containing at least one favorable allele in each of the 10 QTL is 0.75 10 , or one plant in every 18. In this case, it is advisable to focus efforts on assessing the progenies of fewer plants (those with the highest number of favorable alleles for the QTL evaluated), since these plants has the highest probability to produce progenies with better genotype.
The above strategy assumes that all QTL contribute to the same extent to the characteristic, which is not true. Liu et al. (2004) proposed an index to rank the plants based on the weighted sum of all possible genotypic values.
where I k is the index for plant k, p ik is the probability that plant k has genotype i for the QTL, f j(l) is the frequency of superior homozygous genotypes j which are produced by self-pollination of a plant with genotype i for the QTL; g j is the genotypic value of the superior homozygous genotype j; if l is the frequency of the l-th gametic stage of genotype i of the QTL.Σ l if l = 1; i = 1,...,3 n , n = number of QTL; j = 1 ,..., t, t = number of superior homozygous genotypes to be selected; l = 1,...,2 m-1 ; 2< m <n. The probability p ik is estimated based on data from the markers flanking the QTL, and phenotypic data obtained during selection. Liu et al. (2003) proposed a Bayesian approach to estimate this probability.
By this method, all plants of a breeding population are genotyped with markers flanking n QTL and the t plants most likely to produce the highest proportion of progenies with the highest QTL value in homozygosity after selfpollination are selected. Data simulated by Liu et al. (2004) illustrate that the frequency of superior homozygous genotypes for the main t genotypes is five times higher than that obtained by phenotypic selection in early generations (F 2 to F 4 ) and three times higher than phenotypic selection in the more advanced generations (F 5 to F 7 ). In the SSD method, where phenotypic selection is performed only in advanced generations, MAS used in the early as well as in advanced stages present frequency of superior homozygous genotypes for the main t genotypes three times higher than phenotypic selection in advanced phases.
MAS for QTL: Practice
The success of implementing a MAS program depends on several factors (Holland 2004 ): a) a genetic map with molecular markers linked to genes controlling qualitative or quantitative traits of agronomic interest; b) a close association between markers and genes or QTL; c) appropriate recombinations between the markers associated with the trait(s) of interest and the rest of the genome; d) the Table 3 . Weight of the net molecular score and relative efficiency of the selection index using phenotypic and molecular data with different heritability values (h 2 ) and proportion of the additive genetic variance (p) explained by the markers I Schuster possibility of analyzing a large number of plants with reasonable time and cost investment. The conversion of the information published in the scientific literature in practical applications for large-scale breeding programs requires some practical, logistic and genetic considerations. First, published molecular markers should be validated, in many cases, in a large number of populations, representing the routinely selected plant breeding material. Then a technical procedure must be developed which is simple, fast and inexpensive for the stages of tissue sampling, DNA extraction, genotyping and data collection and feasible and accurate when applied routinely on a large scale. Moreover, breeders need to develop an integrated system with data traceability and control systems that ensure the integration of genotyping in breeding programs. Finally, a breeding system must be outlined that will optimize the decision-making tools to support breeders with quick, but accurate decisions on selection (Xu and Crouch 2008) .
In the near future, one of the main points to make MAS effective in large breeding populations is the availability of large-scale genotyping methods at a reasonable cost. New tools for large-scale genotyping, with chips containing thousands of SNPs (5, 10 and 50 thousand) may improve accuracy in QTL detection with smaller confidence intervals, and even identify markers that are the proper QTL alleles. This may reduce one of the limitations of MAS for QTL, which is the low accuracy of QTL detection. Although at this level of large-scale genotyping the cost per data point is low, the cost per sample is still high. If one considers a chip with 5000 SNPs, and a cost of only U$ 0.02 per data point, the cost per sample is still U$ 100.00.
For routine use in breeding programs, where large populations are evaluated every year, genotyping with a smaller number of markers should be more feasible. After identifying markers nearly associated with QTL, from a map saturated with thousands of markers, a selected set of markers will be used to compose a chip for use in routine MAS. Genotyping with a chip containing 384 SNPs, currently at a cost of U$ 0.09 per data point, totals U$ 34.56 per sample. For a breeding program that uses the pedigree method or SSD, with F 2 populations of 500 plants, genotyping will cost U$ 17,280.00 per population. Together with the DNA extraction, plant identification in the field and sampling, the costs exceed U$ 20,000 per population. If the breeding program monitors 500 F 2 populations, the cost of molecular analysis will be more than U$ 10 million per year. If we reduce the number of markers to 48 the cost will be reduced by half (8-fold reduction in the number of markers and half the cost). This consideration demonstrates that the cost of genotyping has yet to be greatly reduced to become this strategy feasible.
CONCLUDING REMARKS
In the last two decades, great advances have been made in understanding the nature of QTL of traits of interest for breeding. Nevertheless, the use of MAS for QTL in genetic improvement programs is limited. MAS has been widely used in marker-assisted backcrossing for selection of the recurrent genome and selection of plants with minimal linkage drag. This has allowed recovering the recurrent genome with a smaller number of backcross generations, as well as an early selection of plants, reducing the number of plants in each generation.
In forward breeding programs, MAS has been applied on a regular basis, especially for traits with high heritability, e.g., MAS for soybean cyst nematode (Concibido et al. 2004 ) and selection for resistance to other plant diseases. The use of MAS for QTL in breeding programs has been more restricted. The low accuracy with which QTL and their effects have been mapped, and the need to validate these QTL in different genetic backgrounds have been cited as the main cause of this limited use of MAS for QTL. In general, MAS can be used in breeding programs in the following situations: a) Selection for traits of low heritability. In this case, there is a methodological contradiction. The advantage of using MAS rather than phenotypic selection is greatest for low-heritability traits. But the trait heritability is an important parameter for the ability to detect QTL, although QTL for traits with low heritability are generally not detected. b) selection in the off season growing nurseries, where phenotypic selection is not possible. In this case, MAS for QTL may be feasible even for high-heritability traits. Although the selection gain per cycle may be smaller, the gains per unit time are higher, since more than one selection cycle is performed per year.
In addition, the implementation of a MAS program depends on the infrastructure that allows the generation of hundreds of thousands of molecular data at a compatible cost, which has also limited the use of MAS in breeding programs.
